Mature T cells develop in the thymus and then emigrate to the periphery, where they must be maintained for the life of the organism to avoid the loss of potentially unique and important T cell antigen receptor (TCR) specificities. Recent thymic emigrants arrive in the periphery as antigen-inexperienced naive cells that have the greatest potential of any mature T cell to both proliferate and differentiate. However, the thymus involutes during puberty, and thymic production of new T cells diminishes, increasing the importance of those T cells already resident in the periphery. Indeed, life-long immunocompetence depends on the maintenance mature peripheral T cells and, ideally, their maintenance as naive cells with full potential to proliferate and differentiate. The process of maintaining mature T cells in the periphery is known as 'T cell homeostasis' and requires signaling by both interleukin 7 (IL-7) and the TCR 1-5 .
Mature T cells develop in the thymus and then emigrate to the periphery, where they must be maintained for the life of the organism to avoid the loss of potentially unique and important T cell antigen receptor (TCR) specificities. Recent thymic emigrants arrive in the periphery as antigen-inexperienced naive cells that have the greatest potential of any mature T cell to both proliferate and differentiate. However, the thymus involutes during puberty, and thymic production of new T cells diminishes, increasing the importance of those T cells already resident in the periphery. Indeed, life-long immunocompetence depends on the maintenance mature peripheral T cells and, ideally, their maintenance as naive cells with full potential to proliferate and differentiate. The process of maintaining mature T cells in the periphery is known as 'T cell homeostasis' and requires signaling by both interleukin 7 (IL-7) and the TCR [1] [2] [3] [4] [5] .
The strict dependence of naive CD8 + T cells on IL-7 was first appreciated because of their inability to survive in IL-7-deficient mice or mice treated with antibody to the IL-7Rα subunit of the receptor for IL-7 (anti-IL-7Rα) [6] [7] [8] . IL-7 is not produced by T cells but is produced by stromal cells in the thymus and the periphery. Binding of IL-7 to its cellular receptor activates the transcription factor STAT5 and phosphatidylinositol-3-OH kinase (PI(3)K) and leads to expression of Bcl-2 and Mcl-1, both of which promote the survival of naive CD8 + T cells [9] [10] [11] [12] . IL-7 signals are transduced by its receptor (IL-7R), which is composed of the IL-7Rα subunit and common γ-chain (γ c ). Whereas signaling by other γ c -dependent cytokines such as IL-2 or IL-4 increases cellular expression of their cognate receptors and results in CD8 + T cell proliferation and differentiation, signaling by IL-7 decreases transcription of the gene encoding its cognate receptor [13] [14] [15] . IL-7-induced downregulation of IL-7R has the beneficial effect of diminishing the consumption of IL-7 and increasing the number of CD8 + T cells that can be supported by limiting amounts of IL-7 in vivo 13 .
Low-affinity engagement of TCRs by self ligands in the periphery are also necessary for the homeostasis of CD8 + T cells [16] [17] [18] [19] [20] [21] [22] [23] . The dependence of naive CD8 + T cells on low-affinity engagement of TCRs is unexpected because IL-7 signaling would otherwise seem to be sufficient for their survival. However, signaling via IL-7 and signaling via TCRs have been shown to affect each other in naive CD8 + T cells in a process referred to as 'coreceptor tuning' 24 . IL-7 signals dynamically adjust the amount of the coreceptor CD8 on individual CD8 + T cells so that their TCRs engage and disengage from self ligands in the periphery, which causes homeostatic TCR signaling to be intermittent. However, homeostatic TCR signaling blocks IL-7 signal transduction, which causes IL-7 signaling of individual CD8 + T cells to also be intermittent 24 . But why naive CD8 + T cells would require both intermittent homeostatic engagement of TCRs and intermittent IL-7 signaling for long-term survival remains an unsolved mystery.
We undertook this study to examine the effects of uncoupling signaling via IL-7 and signaling via the TCR so that IL-7 signaling of naive CD8 + T cells could be continuous. We now report that intermittent IL-7 signaling promoted the quiescence and survival of naive CD8 + T cells, but continuous IL-7 signaling induced naive CD8 + T cells to proliferate, produce interferon-γ (IFN-γ) and die. In fact, CD8 + T cell death was due to apoptosis triggered by IFN-γ produced by continuous IL-7 signaling in CD8 + T cells, an outcome we refer to as 'cytokine-induced cell death' (CICD). Continuous IL-7 signaling of IFN-γ production was prevented by intermittent homeostatic engagement of TCRs that interrupted IL-7 signaling to limit its duration. 
A r t i c l e s
Consequently, the survival and quiescence of naive CD8 + T cells required expression of TCRs with sufficient affinity for peripheral ligands to prevent prolonged IL-7 signaling. Our study fundamentally alters understanding of the function of IL-7 during CD8 + T cell homeostasis and demonstrates the importance of interruptions in IL-7 signaling by homeostatic engagement of TCRs.
RESULTS

Consequences of continuous IL-7 signaling
The maintenance of peripheral naive CD8 + T cells requires both IL-7-mediated survival signals and intermittent homeostatic engagement of TCRs, with the interplay between IL-7 and TCR critical for CD8 + T cell homeostasis. Because IL-7 signaling diminishes surface IL-7R expression by decreasing the transcription of its gene 13 , intermittent blockade of IL-7 signaling by homeostatic engagement of TCRs is necessary for CD8 + T cells to maintain IL-7R expression 24 . We undertook this study to determine whether disrupting the relationship between TCR signaling and IL-7Rα expression would allow CD8 + T cells to receive continuous signaling by IL-7 and alter the requirement for the homeostatic engagement of TCRs.
To generate naive CD8 + T cells bearing IL-7Rα that would be refractory to downregulation of IL-7, we introduced a transgene encoding IL-7Rα, driven by the promoter of human CD2, into Il7r −/− mice 13 .
Here we call such transgene-expressed IL-7Rα protein '7RTg protein' , and we call Il7r −/− mice expressing 7RTg protein '7RTg mice' . The number of CD8 + T cells in 7RTg mice was modestly lower, as reported before 13 , but these cells had a mostly naive CD44 lo phenotype and could be isolated with a purity of >98% by separation with magnetic beads (Supplementary Fig. 1 ). Naive CD8 + T cells freshly obtained from 7RTg mice and C57BL/6 (B6) mice expressed similar amounts of surface IL-7Rα and responded similarly to 30 min of stimulation with IL-7, with comparable increases in phosphorylated STAT5 (Fig. 1a) .
In contrast, only naive CD8 + T cells from 7RTg mice expressed surface IL-7Rα and maintained a greater abundance of phosphorylated STAT5 for the 7-day duration of stimulation with IL-7 (Fig. 1b,c) . These results indicated that persistent IL-7Rα expression permitted continuous IL-7 signaling of CD8 + T cells and prolonged activation of STAT5.
To determine whether continuous IL-7 signaling altered the requirement for homeostatic engagement of TCRs, we assessed the ability of naive 7RTg CD8 + T cells to undergo in vivo lymphopenic proliferation, a response that otherwise requires both IL-7 survival signals and homeostatic engagement of TCRs. To assess IL-7-driven lymphopenic proliferation in the presence and absence of homeostatic engagement of TCRs, we adoptively transferred 1 × 10 6 naive CD8 + T cells expressing the major histocompatibility complex (MHC) class Irestricted P14 TCR into either MHC class I-sufficient (B6) mice or MHC class I-deficient mice deficient in β 2 -microglobulin (B2m −/− ) that had been rendered lymphopenic by sublethal irradiation, and examined the reconstituted mice 14 d later (Fig. 1d) . In MHC class Isufficient B6 host mice, donor P14 CD8 + T cells bearing endogenous IL-7Rα proteins proliferated (as determined by dilution of the cytosolic dye CFSE) and expanded their populations, as we recovered more donor cells than the 1 × 10 6 initially transferred (Fig. 1d) , but in MHC class I-deficient B2m −/− host mice, donor P14 CD8 + T cells downregulated IL-7Rα expression, did not proliferate and decreased in number (Fig. 1d) , which indicated that P14 CD8 + T cells neither proliferated nor survived in the absence of in vivo homeostatic engagement of TCRs (Fig. 1d) . In contrast, donor 7RTg.P14 CD8 + T cells did proliferate in B2m −/− host mice and proliferated as extensively as P14 T cells did in B6 mice (Fig. 1d) . Despite extensive proliferation, we recovered fewer donor 7RTg.P14 CD8 + T cells from B2m −/− host mice than we initially transferred, and this was due to the lack of homeostatic engagement of TCRs in B2m −/− host mice, as recovery npg of such donor cells in B6 host mice was much greater (Fig. 1d) . These results showed that continuous signaling by the prosurvival cytokine IL-7 was sufficient to replace the homeostatic engagement of TCRs for in vivo lymphopenic proliferation but did not replace homeostatic engagement of TCRs for in vivo cell survival.
The failure of CD8 + T cells to survive despite continuous signaling by the prosurvival cytokine IL-7 was paradoxical, so we turned to in vitro analyses to determine the molecular basis of this observation. We replicated the failure of survival in vitro by simply placing naive CD8 + T cells from 7RTg mice in IL-7 cultures (Fig. 2a) . Similar to our in vivo observations in B2m −/− host mice, 7RTg CD8 + T cells proliferated extensively but underwent extensive cell death, with >90% of 7RTg CD8 + T cells undergoing apoptosis after 14 d of continuous IL-7 signaling (Fig. 2a) . Because continuous IL-7 signaling prolonged the presence of phosphorylated STAT5, which can bind to the gene encoding IFN-γ (Ifng) and activate its expression 25, 26 , we also assessed IFN-γ expression by 7RTg CD8 + T cells cultured in IL-7. In fact, we found that continuous IL-7 signaling of 7RTg CD8 + T cells induced expression of both Ifng mRNA and IFN-γ protein (Fig. 2b) .
To rigorously document that the in vitro events reported above were the result of continuous IL-7 signaling independently of homeostatic engagement of TCRs, we also used naive CD8 + T cells from experimental mice that could not possibly generate homeostatic engagement of TCRs in cells cultured with IL-7 because they express neither an MHC class Ispecific TCR nor MHC class I-dependent self ligands despite being CD8 + T cells 27 . The 8DP4 experimental mice are CD4 and MHC class Ideficient mice that express a transgene (8DP4) consisting of a Cd8 enhancer active only in CD4 + CD8 + (double positive) thymocytes driving expression of Cd4 cDNA. Consequently, CD8 + T cells from 8DP4 experimental mice express only MHC class II-specific TCRs and are genetically B2m −/− , so they do not express self ligands that can be engaged by either their TCR or the CD8 coreceptor 27 . Precisely as noted with 7RTg CD8 + T cells, continuous IL-7 signaling induced 7RTg 8DP4 CD8 + T cells to proliferate, express IFN-γ and die (Fig. 2a,b) , which confirmed that these in vitro results occurred in the absence of homeostatic engagement of TCRs. Thus, continuous IL-7 signaling did not maintain naive CD8 + T cells but instead induced them to proliferate, produce IFN-γ and die.
Intermittent versus continuous IL-7 signaling
The finding that continuous IL-7 signaling induced the proliferation, IFN-γ expression and death of naive CD8 + T cells was discordant with the maintenance of naive CD8 + T cells by IL-7 during homeostasis. To explain this discordance, we considered that IL-7 signaling might have different effects on CD8 + T cells, depending on its duration. We speculated that intermittent (that is, short-duration) IL-7 signaling might promote the quiescence and survival of CD8 + T cells, whereas uninterrupted (that is, continuous) IL-7 signaling might induce the proliferation and death of CD8 + T cells. To assess that possibility, 
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A r t i c l e s we exposed naive 7RTg CD8 + T cells to IL-7 either intermittently or continuously (Fig. 2c) . In this experiment, we cultured naive 7RTg CD8 + T cells with IL-7 for the first 14 h of each day, washed them and then cultured them for the remaining 10 h of each day in either IL-7 again or in medium alone (Fig. 2c) . We repeated this cycle daily for the 2-to 3-week duration of the experiment. Continuous exposure to IL-7 for 14 d caused naive 7RTg CD8 + T cells to proliferate, express IFN-γ and FasL (the ligand for the cell-surface receptor Fas) and die: apoptotic cell frequency increased steadily throughout the experiment, whereas viable cell number first increased and then decreased (Fig. 2d,e) . Continuous exposure to IL-7 also caused naive 7RTg CD8 + T cells to phenotypically convert into CD44 hi cells (Fig. 2f) , indicative of an activation or memory phenotype. However, in contrast to the results we obtained with continuous exposure to IL-7, intermittent daily exposure to IL-7 maintained naive 7RTg CD8 + T cells as quiescent cells that did not proliferate, die or express either IFN-γ or FasL (Fig. 2d,e) . Moreover, intermittent exposure to IL-7 maintained 7RTg CD8 + T cells as naive CD44 lo cells even after 3 weeks in culture with IL-7 (Fig. 2f) . These results documented that intermittent IL-7 signaling maintained naive CD8 + T cells as viable and quiescent cells even in the apparent absence of homeostatic engagement of TCRs, whereas continuous IL-7 signaling induced the activation and death of naive CD8 + T cells. We observed the consequences of continuous IL-7 signaling (that is, activation and death) even at low doses of IL-7 ( Supplementary Fig. 2 ).
Cytokine-induced cell death T cell death resulting from IL-7 signaling has not previously been observed to our knowledge, and we refer to T cell death resulting from continuous IL-7 signaling as CICD. To determine the mechanism of CICD, we investigated whether continuous IL-7 signaling downregulated the expression of prosurvival proteins or upregulated the expression of proapoptotic proteins. Continuous IL-7 signaling of 7RTg CD8 + T cells did not downregulate expression of the prosurvival proteins Bcl-2, Mcl-1 and Bcl-x L (Fig. 3a) but instead in some instances even upregulated their expression. However, we found that continuous IL-7 signaling upregulated the expression of proapoptotic proteins. First, we found that continuous IL-7 signaling of 7RTg CD8 + T cells induced the appearance of active caspase-3 (Fig. 3b) , a death-effector molecule whose expression in cells invariably results in cell death. Second, we found that continuous IL-7 signaling induced expression of intermediates in both of the known proapoptotic cellular pathways, in that it upregulated Fas and FasL of the (extrinsic) death receptor pathway (Fig. 3c) and upregulated Bim mRNA and protein (although not Puma or Noxa) of the mitochondrial (intrinsic) death pathway (Fig. 3d) . To examine the death-receptor and mitochondrial death pathways individually, we introduced a transgene encoding IL-7Rα into Fas-mutant (B6.MRL-Fas lpr/lpr ) and Bim-deficient (Bcl2l11 −/− ) mice to generate 7RTg.Fas lpr/lpr mice and 7RTg.Bcl2l11 −/− mice, which lacked signaling via the Fas death receptor and the Bim protein, respectively. Continuous exposure of naive CD8 + T cells from 7RTg.Fas lpr/lpr and 7RTg.Bcl2l11 −/− mice to IL-7 caused only modest but significant decreases in apoptosis and little change in viable cell numbers relative to those of 7RTg CD8 + T cells, in which both death pathways were intact (Fig. 3e,f) . These results indicated that continuous IL-7 signaling activated both apoptotic pathways, with neither predominating in CICD.
Because continuous IL-7 signaling induced expression of IFN-γ as well as CICD, we determined whether IFN-γ contributed to CICD by examining induction of active caspase-3 in 7RTg CD8 + T cells that were unresponsive to IFN-γ because they lacked expression of the receptor for IFN-γ (IFN-γR; Fig. 4a ). Deficiency in IFN-γR (Ifngr1 −/− ) prevented the IL-7-mediated induction of active caspase-3 (Fig. 4a) . Moreover, deficiency in either IFN-γ (Ifng −/− ) or IFN-γR diminished the death of 7RTg CD8 + T cells (Fig. 4b) , which showed that IFN-γ triggered CICD. We also observed that the addition of exogenous recombinant IFN-γ significantly enhanced the IL-7 induced apoptosis of IFN-γ-deficient CD8 + T cells and, reciprocally, the addition of anti-IFN-γ diminished the death induced by IL-7 signaling of IFN-γ-intact CD8 + T cells (Fig. 4b) . We concluded that continuous IL-7 signaling induced CD8 + T cells to produce IFN-γ, which triggered CICD.
Anti-IFN-g blockade promotes cell survival in vitro
The identification of IFN-γ as the necessary trigger of CICD made it possible to determine the consequences of continuous IL-7 signaling in the absence of CICD. Continuous IL-7 signaling induced 7RTg CD8 + T cells to initially increase in number and then, as a result of CICD, decrease in number (Fig. 4c) . However, in the presence of anti-IFN-γ to prevent triggering of CICD, continuous IL-7 signaling induced 7RTg CD8 + T cells to undergo continuous exponential npg growth with cell numbers increasing ~200-fold in 14 d (Fig. 4c) . Such continuous exponential growth of CD8 + T cells was specifically due to the absence of IFN-γ signaling because continuous IL-7 signaling similarly induced CD8 + T cells with IFN-γR deficiency to undergo continuous exponential growth in the absence of any blocking monoclonal antibody (Fig. 4c) . Thus, in the absence of IFN-γ-triggered CICD, continuous IL-7 signaling induced CD8 + T cells to both proliferate and survive.
To further assess the results noted above, we examined the effect of continuous IL-7 signaling on naive CD8 + T cells from 7RTg.Ifng −/− mice. Continuous IL-7 signaling resulted in continuous exponential growth of IFN-γ-deficient CD8 + T cells, which contrasted with its effect on IFN-γ-sufficient CD8 + T cells (Fig. 4c) . Moreover, to determine whether the continuous exponential growth of IFN-γ-deficient CD8 + T cells was specifically due to the absence of IFN-γ production, we added exogenous recombinant IFN-γ, which blocked the exponential growth of IFN-γ-deficient CD8 + T cells (Fig. 4c) . These results showed that CICD was triggered by IFN-γ produced by CD8 + T cells in response to continuous IL-7 signaling.
Anti-IFN-g blockade promotes cell survival in vivo
Our results indicated that in the absence of IFN-γ, continuous IL-7 signaling was sufficient to promote the survival of CD8 + T cells in the apparent absence of in vitro homeostatic engagement of TCRs. To assess this possibility in vivo in the defined absence of homeostatic engagement of TCRs, we examined the effect of in vivo injection of anti-IFN-γ on the survival of CD8 + T cells adoptively transferred into MHC class I-deficient host mice made lymphopenic by sublethal irradiation (Fig. 4d) . As in the experiment reported above (Fig. 1d) , we transferred 1 × 10 6 naive 7RTg CD8 T cells bearing the MHC class Irestricted P14 TCR into irradiated B2m −/− host mice, but in this experiment we injected each reconstituted mouse every other day with either monoclonal antibody to IFN-γ or saline (Fig. 4d) . After 14 d, we recovered few donor CD8 T cells from B2m −/− host mice given injection of control saline (Fig. 4d) , which indicated that continuous IL-7 signaling did not sustain CD8 + T cells in the absence of in vivo homeostatic engagement of TCRs. In contrast, we recovered significantly more donor CD8 + T cells from B2m −/− host mice given injection of anti-IFN-γ than initially transferred (Fig. 4d) . In fact, we recovered sevenfold more donor CD8 + T cells from B2m −/− host mice given injection of anti-IFN-γ than from control B2m −/− host mice given injection of saline (Fig. 4d) . These results demonstrated that blockade of IFN-γ signaling permitted CD8 + T cells to both proliferate and survive in vivo in the absence of homeostatic engagement of TCRs.
Homeostatic engagement of TCRs inhibits IFN-g expression
Our experiments showed that IL-7 signaling, when continuous, induced expression of IFN-γ and triggers cell death, whereas IL-7 signaling, when intermittent, maintained naive CD8 + T cells. Because IL-7 signaling of naive CD8 + T cells is interrupted by in vivo homeostatic engagement of TCRs 24 and other TCR signals [28] [29] [30] , we thought that in vivo homeostatic engagement of TCRs in intact mice should prevent continuous IL-7 signaling and prevent the induction of IFN-γ expression.
To determine whether homeostatic engagement of TCRs prevented CD8 + T cells from being continuously signaled by IL-7 to express IFN-γ in vivo, we compared IFN-γ expression in peripheral CD8 + T cells freshly obtained from intact 7RTg and 7RTg 8DP4 mice (Fig. 5a) . Whereas both 7RTg and 7RTg.8DP4 CD8 + T cells had transgenic expression of IL-7Rα, in vivo homeostatic TCR signaling would be lacking in peripheral 7RTg.8DP4 CD8 + T cells, which expressed CD8 with a mismatched MHC class II-specific TCR 27 . Indeed, in vivo homeostatic TCR signaling was impaired in 7RTg.8DP4 CD8 + T cells, as shown by the significantly lower expression of CD5, a marker responsive to TCR signaling, on CD8 + T cells from 7RTg.8DP4 mice than on those from 7RTg mice (Fig. 5a) . Notably, expression of IFN-γ, as well as expression of Fasl mRNA, was significantly higher in 7RTg.8DP4 CD8 + T cells than in 7RTg.CD8 + T cells (Fig. 5a) , which documented that homeostatic engagement of TCRs prevented CD8 + T cells from expressing IFN-γ in vivo.
If the same were true for normal CD8 + T cells bearing endogenous IL-7Rα, preventing IFN-γ expression would explain why in vivo homeostatic engagement of TCRs was necessary for the survival of naive CD8 + T cells. To assess the effect of the homeostatic engagement of TCRs on IFN-γ expression by CD8 + T cells in vivo in intact normal mice, we compared peripheral CD8 + T cells with endogenous (not transgenic) expression of IL-7Rα from B6 and 8DP4 mice (Fig. 5b) . Impaired in vivo homeostatic TCR signaling was reflected by the lower abundance of CD5 on 8DP4 CD8 + T cells (Fig. 5b) and resulted in more IL-7 signaling in vivo, as reflected by lower surface expression of IL-7Rα on 8DP4 CD8 + T cells than on B6 CD8 + T cells (Fig. 5b) . Greater IL-7 signaling during in vivo 
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A r t i c l e s homeostasis resulted in significantly higher expression of mRNA encoding IFN-γ, as well as FasL, in 8DP4 CD8 + T cells (Fig. 5b) . Thus, during in vivo CD8 + T cell homeostasis, weaker homeostatic engagement of TCRs resulted in uninterrupted IL-7 signaling and higher expression of IFN-γ and FasL.
To further investigate the effects of homeostatic engagement of TCRs on IFN-γ expression during in vivo homeostasis in intact mice, we next examined HY Rag2 −/− female mice because the transgeneexpressed HY TCR is notable for extremely weak homeostatic TCR signaling (Fig. 5c) . However, weak homeostatic TCR signaling can be strengthened by replacement of CD8α with the 'CD8. (Fig. 5c) . A consequence of stronger in vivo homeostatic TCR signaling in HY Rag2 −/− CD8.4 T cells was interruptions to in vivo IL-7 signaling, as shown by their greater abundance of IL-7Rα (Fig. 5c) . Interruptions to in vivo IL-7 signaling caused lower expression of mRNA encoding IFN-γ and FasL (Fig. 5c) . Thus, these results demonstrated that stronger homeostatic engagement of TCRs interrupted in vivo IL-7 signaling and, as a result, lowered the expression of IFN-γ and FasL. These findings obtained with intact mice demonstrated that regardless of whether CD8 + T cells had transgenic or endogenous expression of IL-7Rα, homeostatic engagement of TCRs interrupted IL-7 signaling and lowered the expression of IFN-γ and FasL.
Loss of CD5 lo CD8 + T cells during normal homeostasis
Having demonstrated that TCR-mediated interruptions of IL-7 signaling during normal CD8 + T cell homeostasis resulted in lower IFN-γ expression, we next assessed the importance of IFN-γ-induced CICD during normal homeostasis of CD8 + T cells in vivo. We reasoned that CD5 lo CD8 + T cells that received weak TCR signaling were the most likely to receive prolonged IL-7 signaling and to express IFN-γ during in vivo homeostasis. We also reasoned that because autocrine signaling is more efficient than paracrine signaling, CD5 lo CD8 + T cells were the most likely to be triggered by their own IFN-γ to undergo CICD. On the basis of our reasoning, we hypothesized that CD5 lo CD8 + T cells would not survive during in vivo homeostasis in normal mice because they would receive prolonged IL-7 signaling and undergo IFN-γ-triggered CICD.
As a first test of our hypothesis, we examined Ifng −/− mice whose CD8 + T cells were IFN-γ deficient and thus could not trigger CICD. We predicted that CD5 lo CD8 + T cells that received prolonged IL-7 signaling would survive in Ifng −/− mice but would be stimulated by prolonged IL-7 signaling to convert into CD44 hi memory CD8 + T cells (as noted in Fig. 2f) . In fact, Ifng −/− mice had more splenic CD44 hi CD8 + T cells, especially splenic CD5 lo CD44 hi memory CD8 + T cells, than did B6 mice (Fig. 6a, top) . The greater abundance of splenic CD44 hi memory CD8 + T cells in Ifng −/− mice was a consequence of peripheral homeostasis because it was not a feature of CD8 + T cells in the thymus or splenic CD4 + T cells in the periphery (Fig. 6a) . Moreover, careful analysis of CD5 expression on splenic naive and memory CD8 + T cells in Ifng −/− and B6 mice showed a specific greater abundance of CD5 lo cells in the splenic memory CD8 + T cell populations in Ifng −/− mice (Fig. 6a) . To quantitatively analyze our findings in multiple experiments, we defined low CD5 expression as the amount expressed by the 30% of B6 splenic T cells with the lowest CD5 expression (Fig. 6b) . In such an analysis, it was evident that IFN-γ deficiency specifically and significantly increased the frequency of CD5 lo cells among CD44 hi memory CD8 + T cells (Fig. 6b) , precisely as hypothesized. In fact, the increased frequency of CD5 lo memory CD8 + T cells in Ifng −/− mice resulted in a lower mean fluorescence intensity of CD5 for their overall memory CD8 + T cell population (Fig. 6b) . These results demonstrated that IFN-γ deficiency maintained as memory cells CD5 lo CD8 + T cells that would otherwise not survive in vivo homeostasis.
As another test of our hypothesis, we examined mice expressing a transgene encoding IL-7 under the control of the promoter of the H2-Ea (MHC class II) gene, whose peripheral CD8 + T cells were exposed to higher concentrations of IL-7 in vivo. We reasoned that higher concentrations of IL-7 would make it more difficult for weak homeostatic engagement of TCRs to interrupt IL-7 signaling, which would result in IL-7 signaling of longer duration and elimination of CD5 lo CD8 + T cells in IL-7Tg mice. In fact, consistent with IL-7 signaling of longer duration, we found that most splenic CD8 + T cells in IL-7Tg mice were memory CD44 hi cells, with CD5 lo CD8 + T cells less skewed toward a memory phenotype than the overall CD8 + T cell population (Fig. 6c) . As we had observed in Ifng −/− mice, the greater abundance of splenic CD44 hi memory CD8 + T cells npg in IL-7Tg mice was a consequence of peripheral CD8 + T cell homeostasis because it was unique to splenic CD8 + T cells and was not a feature of CD8 + thymocytes or CD4 + T cells (Fig. 6c) . Careful analysis of CD5 expression showed a lower abundance of CD5 lo cells in both splenic naive CD44 lo and memory CD44 hi CD8 + T cell populations in IL-7Tg mice (Fig. 6c) , although their expression of TCRβ and CD8 was unchanged (Supplementary Fig. 3 ). Quantitative analysis in multiple experiments confirmed that the frequency of CD5 lo cells among both naive and memory CD8 + T cells was significantly lower (Fig. 6d) and that the overall CD5 expression of both naive and memory CD8 + T cell populations in IL-7Tg mice was consequently higher (Fig. 6b) . Thus, enhanced in vivo IL-7 signaling in IL-7Tg mice specifically eliminated CD5 lo CD8 + T cells, an effect opposite to that of IFN-γ deficiency. These results indicated that by requiring stronger homeostatic engagement of TCRs to prevent CICD, enhanced in vivo IL-7 signaling altered the CD8 + T cell population maintained during peripheral homeostasis.
DISCUSSION
Our results have provided insights into CD8 + T cell homeostasis, as we demonstrated the ability of IL-7 to induce either cell survival or cell death and showed how the interaction between IL-7 signaling and TCR signaling resulted in the long-term maintenance of naive CD8 + T cells. A key observation of our study was that intermittent IL-7 signaling was itself sufficient for the survival and quiescence of naive CD8 + T cells but that continuous IL-7 signaling had the paradoxical effect of inducing naive CD8 + T cells to proliferate, acquire memory markers, produce IFN-γ and undergo IFN-γ-triggered cell death, which we refer to as CICD. Consequently, the survival of naive CD8 + T cells required intermittent in vivo IL-7 signaling. Prolonged IL-7 signaling of naive CD8 + T cells was interrupted by homeostatic engagement of TCRs, which prevented IFN-γ expression and induction of CICD. IFN-γ-triggered CICD could not be prevented in CD8 + T cells whose homeostatic engagement of TCRs was of insufficient strength to interrupt IL-7 signaling, with the result that such CD8 + T cells were eliminated during homeostasis. Thus, our study has identified the regulation of IL-7 signaling duration by homeostatic engagement of TCRs as the basis for the homeostasis of CD8 + T cells in vivo. IL-7 signaling dynamically adjusts the amount of CD8 up and down on individual naive CD8 + T cells to cyclically promote TCR engagement and then disengagement of self ligands in a continuous feedback loop referred to as 'coreceptor tuning' 24 . In coreceptor tuning, IL-7 signaling of naive CD8 + T cells transcriptionally increases CD8 expression to the point that MHC class I-specific TCRs engage peripheral self ligands to generate homeostatic TCR signals that then disrupt IL-7 signaling; disruption of IL-7 signaling then causes CD8 expression to decrease to the point that MHC class I-specific TCRs disengage from peripheral self ligands and IL-7 signaling is restored, beginning the cycle anew. In this way, naive CD8 + T cells receive sequential signaling by IL-7 and TCRs, with IL-7 signaling promoting homeostatic engagement of TCRs, which in turn interrupts IL-7 signaling. Our study has now shown that interruptions of IL-7 signaling during coreceptor tuning was not an inadvertent consequence of homeostatic engagement of TCRs but instead was critical for the survival of individual naive CD8 + T cells during homeostasis. Consequently, interruption of IL-7 signaling and prevention of CICD were important functions of TCR engagements during CD8 + T cell homeostasis.
The dynamic interaction between IL-7 and TCRs that prevents CICD provides a continual screening of the peripheral TCR repertoire so that only naive CD8 + T cells with TCRs of appropriate affinity to intermittently engage and disengage from peripheral self ligands are maintained during homeostasis. Our results indicated that CD8 + 
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A r t i c l e s T cells with TCRs of insufficient affinity to engage peripheral self ligands did not survive in vivo because they were continuously signaled by IL-7 to express IFN-γ and to 'preferentially' undergo IFN-γ-triggered CICD because autocrine signaling by IFN-γ occurs far more efficiently than paracrine signaling of other cells. Consequently, IL-7-induced CICD provides a 'quality-control' mechanism for the elimination of CD8 + T cells whose TCRs lack specificity or affinity for in vivo self ligands. The net effect of the dynamic interaction between IL-7 signaling and TCR signaling is that only naive CD8 + T cells with TCRs that have sufficient affinity for in vivo self ligands to interrupt IL-7 signaling are maintained during in vivo homeostasis. The molecular basis by which engagement of TCRs can interrupt signaling by IL-7 and other γ c -dependent cytokines has been identified [28] [29] [30] . Engagement of TCRs induces rapid degradation of the cytosolic tail of the γ c component of the IL-7R complex, which prevents IL-7 signal transduction 28 . Engagement of TCRs also blocks proximal events in γ c -dependent cytokine signal transduction by preventing cytokine-signaled phosphorylation of kinases of the Jak family and by preventing cytokine-induced phosphorylation of STAT5 (refs. 29,30) . Additional mechanisms may be operative as well. We speculate that the many molecular levels at which engagement of TCRs interrupts γ c -dependent cytokine signaling are indicative of its importance in lymphocyte biology.
Whereas homeostatic engagement of TCRs interrupts IL-7 signaling in vivo, we found that any means of interrupting IL-7 signaling was sufficient to avoid inducing IFN-γ expression and was sufficient to maintain the survival of naive CD8 + T cells. Nevertheless, downregulation of endogenous IL-7Rα was apparently insufficient, without concurrent homeostatic engagement of TCRs, to prevent prolonged IL-7 signaling and induction of IFN-γ expression. Indeed, we observed that freshly obtained CD8 + T cells with TCR engagement of the lowest affinity in vivo had the lowest endogenous surface abundance of IL-7Rα and yet had the highest expression of IFN-γ. Specifically, we observed that 8DP4 CD8 + T cells, which could not generate in vivo homeostatic TCR signals because of mismatched TCR and coreceptor specificities, had low endogenous surface expression of IL-7Rα yet expressed IFN-γ, and HY Rag2 −/− CD8 + T cells, whose in vivo homeostatic engagement of TCRs was of very low affinity and which had low surface expression of IL-7Rα, also expressed IFN-γ. Therefore, downregulation of IL-7Rα was itself not sufficient to prevent induction of IFN-γ expression or IFN-γ-triggered CICD. Thus, IL-7 signals continue to be transduced, albeit at low amounts, by the relatively few endogenous IL-7Rα proteins remaining on the cell surface after IL-7-induced downregulation 14 .
In our view, IL-7 signaling intensity and IL-7 signaling duration have different consequences in naive CD8 + T cells. IL-7 signaling intensity is limited mainly by downregulation of endogenous IL-7Rα, whereas IL-7 signaling duration is limited mainly by homeostatic engagement of TCRs. Consequently, the main importance of IL-7Rα downregulation is to maximize the number of peripheral CD8 + T cells that can be supported by limiting amounts of in vivo IL-7 (ref. 13) , whereas the main purpose of homeostatic engagement of TCRs is to interrupt IL-7 signaling to prevent CICD. Therefore, it should be appreciated that intermittent homeostatic engagement of TCRs do not interrupt IL-7 signaling by inducing IL-7Rα downregulation, as homeostatic engagement of TCRs by self ligands, rather than antigenic engagement of TCRs by foreign agonist ligands 6 , actually have the opposite effect and maintain surface expression of IL-7Rα 24 .
IFN-γ has not previously been appreciated as having a role in the homeostasis of naive CD8 + T cells, to our knowledge. However, IFN-γ is known to participate in the contraction phase of antigen-specific memory and effector CD8 + T cells after infection 32, 33 . During infection, the number of antigen-specific CD8 + T cells increases but then decreases after resolution of the infection, and the lower abundance of antigen-specific CD8 + T cells is dependent on IFN-γ 32, 33 . Indeed, IFN-γ can trigger T cell death [32] [33] [34] [35] [36] [37] , but the mechanism by which IFN-γ activates intracellular caspases to trigger cell death has not been clearly established. It has been suggested that IFN-γ induces the production of reactive oxygen species and nitric oxide 36, [38] [39] [40] , but, in our preliminary experiments, we have not observed IFN-γ-dependent increases in reactive oxygen species in CD8 + T cells signaled by IL-7 to undergo IFN-γ-triggered CICD.
In conclusion, here we have documented that IL-7 signaling had contradictory effects on the maintenance and survival of naive CD8 + T cells, depending on its duration. Intermittent IL-7 signaling promoted the survival and quiescence of naive CD8 + T cells, but continuous IL-7 signaling promoted the production of IFN-γ by CD8 + T cells, which triggered their death. Homeostatic engagement of TCRs interrupted IL-7 signaling during CD8 + T cell homeostasis, which limited IL-7 to providing survival signals and preventing CICD. CD8 + T cells with insufficient homeostatic engagement of TCRs to interrupt IL-7 signaling underwent IFN-γ-triggered CICD.
METHODS
Methods and any associated references are available in the online version of the paper.
